interaction with the ssDNA, or it could act after pairing to promote extension of the dsDNA heteroduplex product. In either case, since Rad51 protein is associated
Rad54 protein acts nonspecifically on any dsDNA sequence, the manner by which Rad54 protein is targeted to the unique dsDNA homologous site is an important issue.
We found that Rad54 protein exerts its stimulatory effect on the DNA pairing activity of Rad51 protein by binding to the assembled Rad51-ssDNA nucleoprotein filament rather than by binding to free Rad51 protein or to dsDNA. In conjunction with this enhanced DNA pairing, the dsDNA-dependent ATPase and dsDNA unwinding activities of Rad54 protein are also stimulated. Our results explain how Rad54 protein is targeted to a homologous locus, a formidable task when viewed in the context of a genomic search process.
Results

Rad54 Protein Enhances the DNA Pairing Activity of Rad51 Protein via a Stoichiometric and Species-Specific Interaction with Rad51 Protein
Previously, it was demonstrated that Rad54 protein stimulates the DNA pairing activity of Rad51 protein (Petukhova et al., 1998). Using ssDNA and supercoiled dsDNA as substrates, we confirmed that Rad54 protein increased the yield of joint molecules, which are the products of Rad51 protein-mediated invasion of supercoiled DNA ( Figure 1A) . By varying the Rad54 protein concentration, we observed that optimal joint molecule formation occurred when the Rad54 protein concentration was approximately equal to that of Rad51 protein (Figures 1A and 1B) . This finding suggested that a stoichiometric complex of Rad54 and Rad51 nucleoprotein filament might be the active species in this reaction.
To establish that this optimum is defined with respect to the ratio of Rad54 protein to Rad51 protein, the concentration of the Rad51-ssDNA nucleoprotein filament was changed, decreasing or increasing it 2-fold, and titrations with Rad54 protein were repeated ( Figure 1C ). In this case, the concentration of Rad54 protein required for optimal DNA pairing activity also decreased or increased in direct proportion to the Rad51 protein concentration. Hence, the most efficient joint molecule formation requires equimolar amounts of Rad51 and Rad54 tions of Rad51 and Rad54 proteins suggested that these Though the preceding experiments demonstrate a synWe found that Rad54 protein strongly stimulated joint aptic function for Rad54 protein, they do not exclude a molecule formation when it was added to the nucleopropresynaptic role. Potentially, Rad54 protein could stimutein filament prior to dsDNA (Figure 3, column 1) . In late the presynaptic step by facilitating the polymerizacontrast, when Rad54 protein was bound to dsDNA prior tion of Rad51 protein onto ssDNA. To explore this possito the introduction of the Rad51-ssDNA nucleoprotein bility, we varied the order by which the Rad51 and Rad54 filament, the stimulatory effect of Rad54 protein was proteins were assembled on ssDNA. We found that reduced by 75% (Figure 3, column 3 ). This result agrees Rad54 protein stimulated joint molecule formation best with independent observations made with the threewhen it was added after the Rad51 protein-ssDNA comstrand exchange reaction using φX174 DNA substrates plex had formed (Figure 4) 11) . The unwinding observed in lanes 5-12 is due entirely to nucleoprotein filament has no effect on the ATP hydrolysis by Rad54 protein (Figure 5) , and the human Rad51
Rad54 protein, because the Rad51 nucleoprotein filament alone does not induce DNA topological unwinding nucleoprotein filament enhances it by only ‫%02ف‬ (data not shown). Although the length of the dsDNA substrates under these conditions (lane 3). As with ATPase activity, the stimulation of the Rad54 protein unwinding activity affected the observed ATPase activity of Rad54 protein, the stimulatory effect of the Rad51 nucleoprotein filaby the Rad51 nucleoprotein filament did not require DNA homology: the Rad51-ssDNA filaments that were asment remained almost unchanged (Table 1) . Importantly, enhancement of ATPase activity was independent of sembled on either homologous or heterologous ssDNA enhanced the DNA topological unwinding activity of homology between dsDNA and the ssDNA bound within the Rad54-Rad51-ssDNA ( 5 and 8, 0.25ϫ; lanes 6 and 9, 0.5ϫ; lanes 7 and 10, 1ϫ; and lanes 8 and 12. Lanes 5-7 contain homologous  ssDNA (#90, 90-mer), whereas lanes 8-10 contain heterologous ssDNA (#71, 94-mer) . In the presynaptic step (A), RPA binds to ssDNA produced by nucleolytic processing; replacement of the RPA by Rad51 protein results in formation of the Rad51-ssDNA filament. Rad54 protein binds to the Rad51 nucleoprotein filament forming a tertiary Rad54-Rad51-ssDNA nucleoprotein complex. In the synaptic step (B), Rad54 protein, as a part of the nucleoprotein complex, interacts with dsDNA and unwinds it, thereby making it more accessible for homologous recognition. Unwinding of dsDNA also facilitates the displacement of chromosomal proteins from dsDNA, thereby removing an additional constraint to DNA strand exchange (step C). 1998, 1999 In vivo, Rad54 protein is significantly more abundant filament (Mazin and Kowalczykowski, 1999) . The ability of Rad51 protein to unwind heterologous dsDNA during than was previously appreciated (Jiang et al., 1996) . In S. cerevisiae, there are 3500 and 7000 molecules of homology search has not yet been studied; it is possible that this activity of Rad51 protein is intrinsically lower Rad54 protein in exponentially growing haploid and diploid cells, respectively (Clever et al., 1999) 
